In this work, highly infiltrative brain tumors with a stem-like phenotype were established by xenotransplantation of human brain tumors in immunodeficient nude rats. These tumors coopted the host vasculature and presented as an aggressive disease without signs of angiogenesis. The malignant cells expressed neural stem cell markers, showed a migratory behavior similar to normal human neural stem cells, and gave rise to tumors in vivo after regrafting. Serial passages in animals gradually transformed the tumors into an angiogenesis-dependent phenotype. This process was characterized by a reduction in stem cells markers. Gene expression profiling combined with high throughput immunoblotting analyses of the angiogenic and nonangiogenic tumors identified distinct signaling networks in the two phenotypes. Furthermore, proinvasive genes were up-regulated and angiogenesis signaling genes were down-regulated in the stem-like tumors. In contrast, proinvasive genes were down-regulated in the angiogenesis-dependent tumors derived from the stem-like tumors. The described angiogenesis-independent tumor growth and the uncoupling of invasion and angiogenesis, represented by the stemlike cancer cells and the cells derived from them, respectively, point at two completely independent mechanisms that drive tumor progression. This article underlines the need for developing therapies that specifically target the stem-like cell pools in tumors.
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glioma ͉ invasiveness ͉ vessel cooption A basic principle in tumor progression is the requirement for angiogenesis, yet several clinical studies have reported limited efficacy of angiogenesis inhibitors to control tumor growth (1) (2) (3) (4) (5) (6) (7) . This finding has been explained by pharmacokinetic parameters such as the mode of delivery, inadequate biodistribution, and misfolding of the therapeutic proteins (8) . Still, some studies suggest that the nature of this problem may not be inherent in the therapeutic compound, but rather underlies the concept of angiogenesis-dependency itself (9) (10) (11) ). An alternative mechanism for obtaining essential nutrients may be that the malignant cells are sustained by the preexisting vasculature of the host tissue, as they invade the surrounding parenchyma.
Stem cells and tumor cells share the ability of cell division. Moreover, EGF and FGF, which maintain neural stem cells in a proliferative state in vitro, also increase proliferation of glioma cells (12) (13) (14) . Similar to migrating neural stem cells grafted in adult rat brain, invading glioma cells may be supported by the vascular network in the normal brain (15) (16) (17) (18) (19) . However, studies suggest that although tumor cells initially coopt surrounding vessels, subsequent growth requires angiogenesis (20, 21) . Thus, the prevailing view is that solid tumor growth is angiogenesis-dependent (22) (23) (24) .
Glioblastomas (GBMs) are highly vascular brain tumors that are considered to be attractive candidates for antiangiogenic therapy (25) . GBMs are classified as high-grade gliomas because of the presence of necrosis and microvascular proliferations, and most often arise de novo in patients not previously diagnosed with a low-grade glioma. They are then referred to as primary GBMs and display a characteristic set of genetic changes (26, 27) . However, these tumors may also arise from the malignant progression of invasive, low-grade gliomas without microvascular proliferations (26, 28) . Apart from the onset of angiogenesis, this transition is characterized by progressive genetic changes different from those observed in primary GBMs (29) . In this work, we xenografted 10 biopsies from primary glioblastomas into nude rat brains. Surprisingly, the resulting tumors recapitulated the infiltrative growth pattern of low-grade gliomas, coopting the host vasculature without any signs of angiogenesis or necrosis. Upon passaging in vivo, they progressed toward a highly malignant phenotype displaying tumor angiogenesis and large necrotic regions. This progression was not (30, 31) , although at varying rates (Table 1 ). All tumors were previously untreated, primary glioblastomas, with histological features defined by nuclear pleomorphism, mitosis, necrosis, and endothelial cell proliferation (Fig. 6a , which is published as supporting information on the PNAS web site). The tissue specimens were minced and cultured in vitro in serum containing medium to form glioma spheroids before implantation (Fig. 6 Right). Immunohistochemical staining displayed a strong expression of glial fibrillary acidic protein (GFAP) both in the tumor biopsies and the biopsy spheroids (Fig. 6b) , whereas nestin was up-regulated in the spheroids (Fig. 6c) . The tumor biopsies showed some staining for the cancer stem cell marker CD133, in contrast to the spheroids, which were CD133 negative (Fig. 6d ).
Highly Vascular Brain Tumors Contain Cancer Cells with the Capacity
to Generate New Tumors Without Angiogenesis. To study tumor progression, we used longitudinal MRI over three time points (Fig.  1a) . The T 2 scans displayed diffuse lesions that occupied most of the hemispheres in the terminal stage, causing a shift of midline structures. Although engraftment took place from all of the biopsies, the xenografts from seven patients developed without signs of contrast enhancement (Fig. 1b) . For two biopsies, only minor enhancement was visible, and only one biopsy developed into a tumor with contrast enhancement (data not shown). Animals displaying no contrast enhancements were subsequently infused with 18 F-3Ј-deoxy-3Ј-fluorothymidine ([ 18 F]FLT) and examined by positron emission tomography (32) . The scans showed a diffuse intracranial uptake of [
18 F]FLT, indicating a disseminated spread of dividing tumor cells throughout the brain (Fig. 1c) . Similarly, brain sections from rats pulsed with BrdU before killing, showed BrdUpositive cells spreading over the corpus callosum to the contralateral hemisphere (Fig. 1d) . Moreover, we performed triple staining for the basement membrane marker collagen IV and BrdU in rats systemically injected with Hoechst 33342 (Fig. 1e) . BrdU-positive cells were observed between blood vessels with no Hoechst leakage into the surrounding parenchyma, suggesting a normal vascular morphology and a functionally intact blood-brain barrier. Immunostaining and morphometric quantification for the vascular marker CD31 revealed that the area fraction representing vascular elements and vascular counts per field was slightly lower in the tumors compared with the normal brain (Fig. 1f, g, and j ). This result may be attributed to cells infiltrating the vascular bed, thereby increasing the distance between neighboring vessels. Double staining for Ki67 and von Willebrand factor showed dividing tumor cells among quiescent normally sized blood vessels (Fig. 1h) . No dividing endothelial cells were observed in the tumors. Double staining for collagen IV and the hypoxia marker pimonidazol revealed no sign of hypoxia in the first-generation tumor (Fig. 1i) . Sections of rat brains perfused with India ink (Fig. 7a , which is published as supporting information on the PNAS web site) and transmission electron microscopy ( Fig. 7b ) also revealed a normal endothelial morphology and tight junctions between the endothelial cells. Immunohistochemical detection of reactive endothelial cells by staining for angiopoietin-2 was negative (Fig. 8a , which is published as supporting information on the PNAS web site).
Angiogenesis-Independent Growth Is Mediated by Tumor Cells That
Exhibit Stem-Like Characteristics. Rat brains harvested at the time of MRI (Fig. 1a) allowed comparison with histological sections from corresponding regions (Fig. 2a) . In all regions of the brain, we identified Ki67-positive tumor cells, which also stained positive for human-specific vimentin, a marker present in neuroepithelial progenitors and stem cells (33) (Fig. 2 b-d) . Tumor cells migrating along the corpus callosum, entering the cortex, also expressed the neural stem cell marker nestin (Fig. 2e) . For comparison, transplanted glioma spheroids and human neural stem cells (HNSC 100) were stained for vimentin and showed a striking similarity in their migratory pattern (Fig. 2 f and g ). The tumor cells also expressed the neural stem cell marker musashi-1 (Fig. 2h) , an RNA-binding protein involved in asymmetric cell division during Drosophila neural development (34) .
Serial Passaging in Vivo Changes the Nonangiogenic Tumor to a Highly
Vascular Phenotype. To further investigate tumor progression, firstgeneration tumors from four patients (Table 1) were removed and serially passaged in rats for 4-5 generations (hereafter termed high-generation tumors). In the subsequent generations, the tumors became more vascular and circumscribed ( Fig. 3a) with emerging necrotic regions (Fig. 3 b and c) . Moreover, MRI scans showed less invasive (Fig. 3d) , strongly contrast-enhancing tumors (Fig. 3e) in the high generation. The less-invasive nature of the high-generation tumors was also confirmed by positron emission tomography scans, where they appeared sharply demarcated (Fig. 3f ) . Immunohistochemistry revealed tumors with a disordered vasculature, dilated vessels, and endothelial cell proliferations (Fig. 3 g and h) . Triple staining for collagen IV and the hypoxia marker pimonidazole in rats infused with Hoechst 33342 revealed numerous hypoxic areas surrounded by dilated vessels with Hoechst leakage into the surrounding parenchyma (Fig. 3i) . This leakage was also confirmed in rats that had received systemic injections of India ink (data not shown). A morphometric quantification of the vascular parameters (Fig. 3j) revealed lower vascular counts per visual field in the high-generation tumors compared with normal rat brain, whereas the area fraction representing endothelial cells per visual field was increased. Finally, the proliferative capillary index was 6% in the tumors compared with 0% in the normal brain. The onset of angiogenesis coincided with a significant decrease in survival from 113 Ϯ 2.6 SEM to 43 Ϯ 2.1 SEM days (Fig. 3k) .
Angiogenesis-Independent and -Dependent Phenotypes Are Genetically Similar, but Display Different Gene and Protein Expression
Profiles and Distinct Patterns of Intracellular Signaling. Array CGH showed that the human biopsy and the first-and high-generation tumors displayed nearly identical chromosomal profiles (Fig. 4a) , where they showed loss on chromosome 5p, gain on 7 with EGFR amplification, INK4A͞ARF homozygous deletion, loss of chromosome 10, and interstitial loss of 15q. The striking similarities in the array CGH profiles between the tumors suggested that transcriptional regulation is an important component in the phenotypic shift observed. Therefore, a comprehensive gene-expression analysis comparing first-and high-generation tumors was performed. In total, we found 77 genes whose differential expression was 2-fold or more between the two tumor phenotypes, using three different microarray platforms [16,000-oligonucleotide cDNA; Agilent Technologies (Palo Alto, CA), 44,000-oligonucleotide; Agilent Technologies, and 37,000-oligonucleotide microarrays; Applied Biosystems (Foster City, CA)] (Fig. 4b, and Table 2 , which is published as supporting information on the PNAS web site). Furthermore, two of the array platforms contained vimentin and nestin, which where up-regulated 200% and 70% in the first-generation, respectively. To ensure that this up-regulation was human-specific and not caused by reactive host-derived cells, we designed primers specific for rat vimentin. Quantitative real-time PCR (RT-qPCR) from low-and high-generation confirmed that the expression was from the tumor cells (Fig. 9 , which is published as supporting information on the PNAS web site). Moreover, a comprehensive Kinetworks multiimmunoblotting screen was performed, which represents a systemsbiology approach providing simultaneous expression and phosphorylation states of hundreds of target proteins. The Kinetworks screen revealed numerous proteins to be differentially expressed, including main components of intracellular signaling pathways (Fig.  4c) . Based on the gene-expression profiles and the Kinetworks screen, we found that components of the Wnt, PI3K, and NF-k␤ signaling pathways were overexpressed in the invasive firstgeneration tumors compared with the high-generation tumors. In addition, although components of the Ras signaling pathway were expressed in both first-and high-generation tumors, they were significantly up-regulated in the high generation (Fig. 4d) . Moreover, the first-generation tumors displayed up-regulation of genes involved in fetal development and cell motility (Table 3 , which is published as supporting information on the PNAS web site).
Invasion and Angiogenesis, Two Independent Strategies for Tumor
Progression. The tumor cell invasion marker SPARC (35-37) was up-regulated in first-generation tumors, whereas the highgeneration tumors displayed weak or no staining (Fig. 5a) . Furthermore, spheroids from first-generation tumors were highly invasive when tested in a collagen-invasion-gel assay, whereas the high-generation tumor spheroids only displayed a modest invasion in the gel (Fig. 5b) .
Conversely, immunostaining for HIF-1␣ and VEGF were negative in sections from first-generation tumors, whereas staining for both markers were positive in the high-generation tumors (Fig. 5 c  and d) . The same staining pattern was seen for angiopoitin-2 (Fig.  8) . Furthermore, Western blotting for HIF-1␣ and quantitative real-time PCR (RT-qPCR) for its target gene carbon anhydrase IX (CAIX) showed up-regulation in the high-generation tumors, whereas RT-qPCR for VEGF in the first-generation tumors showed levels comparable with normal brain (Fig. 10 a-c , which is published as supporting information on the PNAS web site). In addition, HIF-1␣ was not detected in tumor spheroids in normoxic conditions but was up-regulated in hypoxia, followed by an increase of CAIX expression (Fig. 11 a and b , which is published as supporting information on the PNAS web site). Moreover, we functionally assessed the angiogenic potential of first-and highgeneration tumors in a rat aortic ring assay (Fig. 5e) . Endothelial cell sprouting was evident only from aortic rings that received conditioned medium from high-generation tumor spheroids. Conditioned media from first-generation tumor spheroids induced no outgrowth of endothelial cells during the observation period of 11 days, suggesting that first-generation tumors do not secrete the necessary amounts of angiogenic factors to trigger angiogenesis. 
Discussion
Malignant gliomas are the most common cancers in the brain and remain difficult to cure despite advances in surgery and adjuvant therapy. Recent studies have identified tumor cell subpopulations that might be responsible for tumor initiation and progression. Cancer stem cells have been identified in leukemias and breast, prostate, and brain cancer (38) (39) (40) (41) (42) (43) (44) . In some cases, these tumor-initiating cells can be distinguished from the non-tumorinitiating cancer cells based on cell surface marker expression. For instance, it has been found that only CD44 ϩ ͞CD24 Ϫ ͞ lineage Ϫ breast cancer cells form new tumors in animals (45) . Similarly, CD133 has been proposed as a cancer stem cell marker in brain cancers (46) . However, we established tumors in vivo from GBM-derived spheroids that contained nestin ϩ ͞GFAP ϩ ͞ CD133 Ϫ cells. This discrepancy may be due to different culture conditions because we cultured our biopsy material in serumcontaining medium. The implanted tumor spheroids developed tumors with a stem-like, nonangiogenic and highly invasive phenotype. The first-generation tumors mediated a fulminant fatal disease course, and 7 of 10 specimens produced this phenotype. Two other specimens developed into highly invasive tumors with a predominantly normal vasculature, and only one biopsy produced contrast enhancement. Although the cellular program mediating the nonangiogenic phenotype is possibly a remnant of fetal development that lies dormant during normal tumorigenesis, the program may be reactivated to drive tumor progression in a clinical setting when patients are treated with angiogenic inhibitors. In contrast to the dormant tumors that become malignant only after the onset of angiogenesis (21), our results challenge the current view of malignant tumor growth as an angiogenesis-dependent process.
Despite the fact that the nonangiogenic phenotype recapitulates developmental signaling pathways and expresses stem cell markers, it is not clear whether these cells are derived from transformed neural stem cells, from stem cell fusion events (47), or from otherwise restricted subpopulations within the tumor. The genetic similarities between the different tumor phenotypes, as demonstrated by almost identical array CGH profiles, do not support a major involvement of clonal selection, but suggest that transcriptional regulation mediates the phenotypes observed. Furthermore, it has been shown that an astrocytoma cell line became more invasive after knocking out the HIF-1␣ gene (48) .
In later generations, transition to a vascular tumor phenotype is mediated by cells where the Ras-signaling pathway is activated. Thus, the capacity for tumor growth is neither limited to a genetic subclone nor to a certain cell phenotype, but is shared between groups of phenotypically diverse cells, where some are characterized by a diffuse growth pattern and others by angiogenesis. Accordingly, the uncoupling of invasion and angiogenesis, represented by the stem-like cancer cells and the cells derived from them respectively, points at two different mechanisms that drive tumor progression. Although the mechanism behind the phenotypic shift is not fully understood, HIF-1␣ expression seems to be triggered by hypoxia, because it was not constitutively expressed by high-generation tumor spheroids cultured under normoxic conditions. The results showing that both phenotypes can mediate a fulminant disease course suggest that even a 100%-effective therapy directed toward one of the biological entities (either invasion or angiogenesis) will not cure the cancer. Cancer treatment strategies need to pursue both the invasive stem-like cancer cells and angiogenic targets. A major challenge will be to design therapies that target the stem-like cancer cells without destroying the normal stem cell pools that are needed to maintain normal tissue function.
Materials and Methods
Cell Culture and in Vitro Assays. Biopsy spheroids were prepared as described (49) . After 1-2 weeks in culture, spheroids with diameters between 200 and 300 m were selected for intracerebral implantation.
In Vivo Experiments. Nude immunodeficient rats (Han: rnu͞rnu Rowett) were fed a standard pellet diet and were provided with water ad libitum. All procedures were approved by The National Animal Research Authority. Biopsy spheroids were stereotactically implanted into the right brain hemisphere, and the rats were killed when symptoms developed.
Immunohistochemistry. After deparaffinization, all sections were boiled in citrate buffer, pH 6.2, for 20 min, except for the von Willebrand staining, where the sections were treated with proteinase K (DAKO, Glostrup, Denmark) for 10 min. Sections were then treated with protein-blocking solution (DAKO) for 10 min, and the primary antibody was incubated for 45 min at room temperature, washed four times, incubated for 35 min with En Visionϩ Systems polymer-conjugated secondary antibody (DAKO), washed four times, and finally incubated with DAB for 5 min.
Transmission Electron Microscopy. The rats were perfusion fixed, and the brains were removed and embedded in Epon 812, followed by ultrathin sectioning in preparation for electron microscopy.
Hypoxia Experiment. Spheroids were cultured at 37°C with 5% CO 2 , 94% N 2 , and 1%O 2 for 16 h in a Mini Galaxy incubator (RS Biotech, Ayrshire, Scotland, U.K.).
Western Blotting. Cerebrospinal fluid was run on SDS͞PAGE by using NuPage precast gels (Invitrogen, Carlsbad, CA). After blotting, the nitrocellulose membrane was blocked for 30 min at room temperature and incubated overnight at 4°C in buffer (TBS with 0.1% Tween 20, 5% milk powder) containing anti-VEGF-A diluted 1:100 (Abcam, Cambridge, U.K.), anti-HIF1␣ diluted 1:100 (BD Biosciences, San Diego, CA), or anti-GAPDH diluted 1:2,000 (Abcam). The primary antibody was detected by using an HRPconjugated goat anti-rabbit͞mouse secondary antibody (Immunotech, Fullerton, CA) diluted 1:2,500. Extraction of protein from cultured spheroids was done by washing in PBS two times and homogenizing in lysis buffer by sonication twice for 15 sec by using Sonics Vibra Cell (Cole-Parmer Instruments, Vernon Hills, IL). Whole lysate was used for subsequent analysis. Twenty micrograms of protein was applied in each well.
Protein Kinase and Phosphosite Screening. The procedure is described in refs. 50 and 51). The following screens were performed: KPKS-1.2A, KPKS-1.2B, KPSS-2.1, KPSS-4.1, and KPSS-1.3. For details, see the Kinexus (Advent Software, San Francisco, CA) home page www.kinexus.com.
Quantitative RT-PCR. cDNA was generated by using the iScript cDNA synthesis kit according to the manufacturers instructions (Bio-Rad, Hercules, CA). Each reaction is in triplicate on the plate, and a similar plate was repeated three times. The reactions were performed by using iQ SYBR green Supermix reagents kit (BioRad), and the PCR was run on a BioRad iCycle detection system (Bio-Rad).
Gene-Expression Analysis. Single-stranded cDNA was reverse transcribed from 2 g of total RNA and T7 RNA polymerase promotercontaining double-stranded cDNAs, and T7 RNA polymeraseamplified RNAs (cRNAs) were generated according to the T7 Megakit protocol (Ambion, Austin, TX) as described (52) .
Agilent DNA Microarrays. The Agilent 16,000-oligonucleotide cDNA microarrays were processed as described (53) . ABI1700 DNA Oligonucleotide Microarrays. The Human Genome Survey Microarray, Chemiluminescence Detection kit, Applied Biosystems Chemiluminescent RT-IVT Labeling kit, and Applied Biosystems 1700 Chemiluminescent Microarray Analyzer was used as recommended.
Bioinformatic Analysis of DNA Microarray Data. In total, six hybridizations were performed, two for each platform. The result files from the three different image-processing software programs were all imported into the analysis software J-Express (54) . Controls and flagged spots were removed. J-Express is available at www.molmine.com.
Array CGH. To determine the copy number across all chromosomes, we did comparative genomic hybridizations on whole-genome arrays of 2,400 chromosomally mapped BAC clones (Hum. Array1.14) following methods described in ref. 55 .
Supporting Information. For more information, see Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
